Direct femtosecond laser photopolymerization is used to fabricate high resolution microscopic spiral phase plates. The total phase change all around their center is prepared to be a integer multiple of 2 for the operating wavelength in the visible domain. The optical performances of the spiral plates are measured and we propose a simple single beam interferometric technique to characterize the phase singularity of the generated vortex beams. The experimental results are compared to simulations and a satisfying agreement is obtained. Potential of large scale fabrication, templating, and smart spiral plate architectures are also illustrated.
Direct femtosecond laser photopolymerization is used to fabricate high resolution microscopic spiral phase plates. The total phase change all around their center is prepared to be a integer multiple of 2 for the operating wavelength in the visible domain. The optical performances of the spiral plates are measured and we propose a simple single beam interferometric technique to characterize the phase singularity of the generated vortex beams. The experimental results are compared to simulations and a satisfying agreement is obtained. Potential of large scale fabrication, templating, and smart spiral plate architectures are also illustrated. © 2010 American Institute of Physics. ͓doi:10.1063/1.3517519͔ Direct laser writing technique using femtosecond laser pulses has been revealed versatile and useful for the high precision material removal, modification, or deposition. Indeed, if standard approaches can routinely deal with / 2 resolution, one or two-color supersolution techniques have recently been proposed to reach / 20 resolution.
1,2 Despite inherent serial processing limitations, the availability of high-repetition femtosecond-lasers and precise fast scanning stages and galvano-mirrors allow for an increasing number of applications. The latter includes prototyping of microoptical and plasmonic elements, dicing, drilling, edgeisolation in solar cells, direct print of electronic circuitry by light-induced forward transfer, and bioscaffolds. [3] [4] [5] [6] The fabrication time is another issue of paramount importance. In particular a two-step approach can be used to reduce the fabrication time of micro-optical elements by two orders of magnitude compared to straightforward bulk laser photopolymerization. It consists in defining a three-dimensional shell inside the bulk of a negative photoresist and, after development, exposing the entire microstructure to uv light in order to provide a uniform cross-linking inside the shell, which corresponds to the bulk of the desired optical element. 7 Indeed such an approach was recently used to produce dense arrays of microlenses. 8 We propose to use direct laser writing to fabricate photopolymerized optical vortex beam generator architectures at the micron scale. Vortex beams refer to light field endowed with on-axis phase singularity, which corresponds to a local azimuthal phase dependence of the electric field of the form exp͑iᐉ͒ where ᐉ is called the topological charge and is the azimuthal angle. Such beams carry nonzero orbital angular momentum 9 and have many applications ͑e.g., see Ref. 10 for a review͒. Among all possible techniques to generate vortex beams, the use of so-called spiral phase plates ͑SPPs͒, whose complex transmittance has a linear phase dependence with respect to , has started in 1992. 11 Since then, SPPs have been revealed useful over a broad range of electromagnetic radiation wavelength, from millimeter waves 12 to x rays. 13 However, most of the realizations correspond to macroscopic SPPs made by micromachining followed by molding techniques, electron beam lithography, or laser writing followed by plasma etching. Recently, the first realization using a standalone direct laser writing technique allowed for drastic downsizing of SPPs 14 thus enabling in situ control of the orbital angular momentum delivered by optical tweezers. Although the latter concept has been illustrated by the observation of a light-driven rotation of an optically trapped micron-size optical element, 14 the direct characterization of the optical vortex beams obtained from microscopic SPPs have however not been reported so far.
Here we show fast and reliable femtosecond-fabrication of high precision SPPs whose height is defined as h = h 0 + h 1 2 with h 0 the base height of the structure, h 1 the step height, and the azimuthal angle around the spiral axis. The step height control reaches ϳ10 nm fidelity for both small ͑few microns͒ and large ͑of the order of 100 m͒ microstructures and a smooth phase ramp is obtained. The generation of vortex beams is experimentally demonstrated by direct analysis of the output spatial distribution of both intensity and phase for an incident fundamental Gaussian beam. In particular, we present a simple single beam original interferometric technique to characterize the phase singularity of the generated vortex beams. The observations are then compared to simulations and a satisfying agreement is obtained.
The employed femtosecond-laser polymerization procedures are optimized for resist response ͓we used resist SZ2080 15 ͔, high spatial precision, and short fabrication time by using a fast shell-definition with postexposure, as reported elsewhere. 7, 16 We used 150 or 80 fs duration laser pulses with central wavelength = 800 nm tightly focused with an objective lens of numerical aperture NA= 1. 4 16 In all cases, the writing spot is scanned concentrically with fixed 160 nm scan-arc steps with 75% radial overlap between neighbor lines, which ensure identical exposure conditions from the center to the outer part of the SPP. In addition, flat surface is naturally improved by diffusion-propagation of polymerization and self-smoothing caused by surface effects. 8, 17 The fabrication process lasted ϳ20 min when the SPP surface is defined first. The rest of the volume is then exposed at 5 cm distance from a 2 ϫ 4 W two-wavelength uv lamp ͑254 and 366 nm͒ for ϳ15 min after the development of resist, but keeping the sample immersed in a fresh rinsing solvent. This is required for the exact definition of the SPP's step height h 1 = ᐉЈ / ͑nЈ − n 0 ͒ with an accuracy better than / 15. We choose integer topological charges ᐉ and SPPs are designed to operate at Ј = 633 nm for which nЈ = 1.504 is the refractive index of the sol-gel films measured from a m-line prism coupling experiment 18 and n 0 = 1 is the refractive index of medium surrounding the SPP ͑here air͒.
Typical scanning electron microscopy ͑SEM͒ images of small and large polymerized SPPs are shown in Figs. 1͑a͒ and 1͑d͒, which also illustrates the possibility to fabricated two-dimensional arrays of SPPs on a planar substrate. In fact, more complex three-dimensional microscopic architectures endowed with vortex beam generation capabilities can also be realized. An example is given in Figs. 1͑e͒ and 1͑f͒ where a SPP suspended a few microns above the substrate is shown. The polymerized structures have also been analyzed by optical profilometry, see Fig. 1͑b͒ , and atomic force microscope imaging, see Fig. 1͑c͒ . The surface roughness is found to be better than / 20 for visible wavelength, which is adequate for demanding applications in wavefront shaping at the micron scale.
Then, the optical performances of the fabricated vortex generators are evaluated using on-axis Gaussian laser beam illumination at 633 nm wavelength and normal incidence. For this purpose we define w 0 as the Gaussian beam waist at exp͑−2͒ of its maximal intensity and R is the SPP radius. The observed far field intensity patterns obtained from SPPs with R =40 m radius and integer topological charge ᐉ = ͑1,2,3,4͒ are shown in Fig. 2 ͑upper row͒ in the case w 0 / R =1/ 2. In practice, the distance z between the SPP plane and the observation plane is a few tens of the Rayleigh distance z 0 = w 0 2 / Ј. In agreement with main features of vortex beams 19 we observe a doughnut intensity pattern whatever ᐉ with a vortex core region that increases with ᐉ. The comparison with the expected intensity pattern in the observation plane associated to the cylindrical coordinate system ͑ , , z͒ is carried out by considering the diffraction of a Gaussian beam by the SPP. By considering that the focal plane of the incident focused Gaussian beam is located at z = 0 the Fresnel diffraction in the paraxial approximation gives, up to an unimportant rotation around the z axis with kЈ =2 / Ј the wavevector in free space and J n the nth order Bessel function of the first kind. The calculated profiles are shown in the bottom row of Fig. 2 and exhibit a satisfying agreement with the observations. Nevertheless, the expected rotational symmetry is slightly broken for larger values of ᐉ, see for instance ᐉ = 4 in the upper row of Fig. 2 . This is explained by imperfectly matched SPP height to integer values of ᐉ for the chosen probe wavelength. 20 We stress that the appearance of a doughnut shaped intensity profile is only an approximation in the limit of small ratio w 0 / R. Indeed, when w 0 / R → 0, the contribution of the second integral in Eq. ͑1͒ can be neglected and J ᐉ 0 ͑0͒ = 0 ensures a null on-axis ͑i.e., =0͒ intensity.
In contrast, a complex intensity pattern is observed when w 0 / R is large enough, as shown in Fig. 3 where w 0 / R = 2 and ᐉ = 1. In that case the on-axis intensity is nonzero and the rotational symmetry is clearly broken. This can be explained as the result of interference between the field diffracted by the inner and the outer part of the illuminated SPP, which is described by the two integrals in Eq. ͑1͒, respectively. In particular the far field pattern is now bell-shaped as shown in Figs. 3͑c͒ and 3͑cЈ͒ that correspond to ϳ10z 0 . Interestingly, the diffraction pattern exhibits a well-defined spiraling structure in the near field ͑Շz 0 ͒, as illustrated in Figs. 3͑b͒ and 3͑bЈ͒. More generally a spiraling intensity pattern with ᐉ-fold symmetry whose handedness depends on the sign of the topological charge ͑not shown here͒ can be found in the near field whatever is ᐉ. Such a single beam interferometric scheme allows for the unambiguous characterization of the phase structure of any SPP with integer ᐉ. This is illustrated in Fig. 4 for ᐉ = ͑1,2,3,4͒. The observations are found to be in good agreement with simulations, which validate such an approach as a simple and efficient technique to characterize the spiraling complex transmittance of a SPP.
In conclusion, high fidelity direct laser polymerization of microscopic SPPs with integer topological charge has been realized. Both the structure of the micro-optical elements themselves and their use as vortex beam generators has been demonstrated. A simple, efficient, and reliable single beam interferometric technique to characterize the helical wavefront of the obtained optical vortices has been proposed. The flexibility of the femtosecond-fabrication technique also enable us to demonstrate the ability to realize arrays of vortex generators or smart three-dimensional singular architecture at the micron scale. Moreover such a photopolymerization technique allows to envisage hybridation of vortex beam generator with additional functionalities, be they of a refractive ͑lenses, prisms, axicons͒ or a diffractive ͑gratings͒ nature toward versatile integrated devices. 
